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Description 



METHOD AND SYSTEM FOR 
DISCHARGING A CAPACITIVE ELEMENT 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The present invention relates to electric machines and 

electric drive systems having a power source that provides 
power to an electric motor through an electric motor con- 
troller. In particular, the present invention relates to dis- 
charging a capacitor coupled between the power source 
and the electric motor controller. 

[0003] 2. Background Art 

[0004] For the purposes of the present invention, electric ma- 
chines and electric drive systems relate to systems which 
use an electric motor to drive a load. These systems can 
include a number of components, and typically, such sys- 
tems include at least a power source, an electric motor 
controller, and an electric motor. In this arrangement, the 



electric motor controller can receive power from the 
power source, which the electric motor controller then 
controllably transfers to the electric motor for driving a 
load. 

[0005] For DC power sources, a capacitor can be coupled be- 
tween the power source and the electric motor controller 
to smooth the DC power output from the power source. 
The coupling of the capacitor to the power source causes 
the capacitor to become charged. The capacitor remains 
charged until its stored energy can be dissipated. 

[0006] | n the foregoing system, there exists a need to discharge 
this stored capacitive energy when the DC power source is 
disconnected. In addition, there exists a need to provide a 
cost effective approach to discharging the stored capaci- 
tor energy. 
Summary of Invention 

[0007] The present invention is a cost effective approach to dis- 
charge stored capacitor energy to meet the needs identi- 
fied above. In particular, the present invention uses stan- 
dard system components which can be used across differ- 
ent product lines without requiring substantial hardware 
modifications. 

[0008] one aspect of the present invention relates to a system 



that includes a DC power source coupled to an electric 
motor controller, with the electric motor controller cou- 
pled to an electric motor to drive a load connected to the 
electric motor. A capacitor is coupled between the power 
source and the electric motor controller to smooth the DC 
output from the power source. 

[0009] The system permits stored capacitor energy to be trans- 
ferred from the capacitor to the electric motor with stan- 
dard system components by transferring the stored ca- 
pacitor energy to electric motor for dissipation. In particu- 
lar, the stored capacitor energy is transferred to the elec- 
tric motor by the electric motor controller controlling the 
current drawn from the capacitor and the voltage provided 
to the electric motor. 

[0010] a software program controls operation of the electric mo- 
tor controller to control the discharging of the stored ca- 
pacitor energy. In general, the energy transfer is con- 
trolled by controlling the flux and torque produced by the 
electric motor through the voltage provided to the electric 
motor. 

[0011] jo discharge the stored capacitor energy, a control 

methodology must produce positive power flow from the 
capacitor to the electric motor controller. The positive 



power flow can be produced by the electric motor con- 
troller controlling the flux and torque produced by the 
electric motor such that energy can flow from the capaci- 
tor to the electric motor. Various motor torque-control 
and flux-control strategies and methodologies can be 
used with the present invention. 

[0012] one aspect of the present invention utilizes a syn- 
chronously rotating d-q reference frame motor torque 
and flux control methodology. The d-q reference frame 
methodology generally relates to a simplified approach to 
controlling an AC electric motor, as understood by one 
having ordinary skill in the art. The unique feature of syn- 
chronously rotating d-q reference frame is that the motor 
has behavior similar to that of a DC motor. This makes it 
easier to control the electric motor. Moreover, the syn- 
chronously rotating d-q reference frame provides for the 
ability to control motor torque and motor flux indepen- 
dently of each other. 

[0013] The d-q methodology utilizes a quadrature-axis current 
value (Iq) and a direct-axis current value (Id). The Iq and 
Id values are controlled by the voltage provided to the 
electric motor. By controlling the voltage provided to the 
electric motor based on the Iq and Id values, the torque 



and flux produced by the electric motor are controlled. In 
this manner, energy transferred to the electric motor can 
be controlled such that the stored capacitor energy can be 
discharged and dissipated in the electric motor. 

[0014] The Iq and Id value calculations are dependent on the type 
of electric motor and the driving conditions of the electric 
motor. As the discharge of stored capacitor energy to the 
electric motor can be sufficient to produce torque in the 
motor, preferably, the driving conditions are monitored in 
some cases to prevent the torque production to the load 
connected to the motor. 

[0015] jo better understand the manner in which the Iq and Id 

values can be calculated, the following equation for an in- 
terior permanent magnet synchronous motor is provided 
as an illustrative example: 

[001 6] j — (3/2)*p*Iq*[phi+(Ld-Lq)*Id] 

[0017] wherein: 
[0018] t = torque; 

[0019] p _ number of stator pole-pairs; 

[0020] phi = Flux-linkages (weber-turns) due to the permanent 
magnets; 

[0021] Ld=Self-inductance of the stator along d-axis; 



[0022] |_q=Self-inductance of the stator along q-axis; 
[0023] id = Motor stator current along d-axis; and 
[0024] |q = Motor stator current along q-axis. 
Brief Description of Drawings 

[0025] FIG. 1 illustrates an exemplary electric drive system to 

discharge stored capacitive energy in accordance with the 

present invention; and 
[0026] FIG. 2 illustrates an electric motor controller for use with 

an electric drive system to discharge the stored capacitor 

energy. 
Detailed Description 

[0027] FIG. 1 illustrates an exemplary electric drive system 10. 
The system includes a power source 14, a pair of contac- 
tors 18, a capacitor 20, an electric motor controller 24, 
and an electric motor 28. 

[0028] The system 10 can be used with any number of electric 

systems, including industrial and automotive applications 
for driving a load 32. For exemplary purposes, this de- 
tailed description relates to an automotive application 
wherein the load 32 is a vehicle driven by motor 28. 

[0029] The present invention is particularly suitable for use in a 



series hybrid electric vehicle (SHEV), a parallel hybrid elec- 
tric vehicle (PHEV), a powersplit hybrid electric vehicle 
(PSHEV), a fuel cell hybrid electric vehicle, and any other 
electrically driven vehicles which have a need to discharge 
stored capacitor energy through an electric motor. 

[0030] The power source 14 shown is a DC power source, such as 
a DC battery. The power source could also be an AC 
power source with a rectifier, a fuel cell, or other electric 
energy producing or storage devices. 

[0031] The contactors 18 are switches which can be used to re- 
move or separate the power source 14 from the rest of 
the system. A contactor sensor 36 is provided to monitor 
the status of the contactors 18 i.e., whether the contac- 
tors are opened or closed. Alternatively, the electric motor 
controller 24 can be used to control the contactors. 

[0032] a s shown, the power source 14 is coupled to the rest of 
the system when the contactor switches 18 are closed and 
separated from the rest of the system when the contactor 
switches 18 are open. When closed, electric energy from 
the power source 14 passes through the contactors 18 to 
be smoothed by the capacitor 20 prior to reaching the 
electric motor controller 24. 

[0033] The connection of the capacitor 20 to the power source 



14 causes the capacitor 20 to become charged and to de- 
velop an electric potential. The capacitor 20 maintains its 
charge, at least for a period of time, even if the contactors 
18 are open. As such, it can be desirable to discharge the 
capacitor 20. Typically, it would be desirable to discharge 
the capacitor 20 anytime the contactors 18 are open, 
however, this is an optional control. 

[0034] once it is determined that the contactors 18 are open or 
another event triggers a desire to discharge the stored ca- 
pacitor energy, the electronic motor controller 24 controls 
positive power flow from the capacitor 20 to the electric 
motor controller 24 and the electric motor 28 to discharge 
the capacitor 20. 

[0035] For the purposes of the present invention, positive power 
flow relates to the flow of energy from the capacitor to the 
electric motor controller 24, and preferably beyond the 
electric motor controller 24 to the electric motor 28. Neg- 
ative power flow relates to the flow of energy from the 
electric motor controller 24 or the electric motor 28 to the 
capacitor 20, such as during regenerative braking. 

[0036] The electric motor controller 24 includes a software pro- 
gram 40 to control discharging of the capacitor 20. The 
software program 40 preferably provides positive power 



flow from the capacitor 20 to the electric motor controller 
24 and the electric motor 24. In this manner, the stored 
capacitor energy can be dissipated though power losses in 
the electric motor controller 24 and the electric motor 28, 
and through flux and torque production in the electric 
motor 28. 

[0037] The positive power flow can be controlled by controlling 
flux and torque commands used by the electric motor 
controller 24 to control the electric motor 28, as one of 
ordinary skill in the art will appreciate. In general, stored 
capacitor energy can be dissipated for all flux and torque 
commands which produce positive power flow. 

[0038] The load 32 can be monitored to facilitate controlling the 
positive power flow so that limited torque is produced for 
moving the vehicle. In particular, motor speed can be 
monitored to determine the torque level which would 
cause the vehicle to move. 

[0039] |f the load 32 is a vehicle, the torque command and flux 
command are preferably selected such that the motor 28 
produces zero torque or insufficient torque to move the 
vehicle. This can be done for all flux commands if the 
torque command is zero or sufficiently small to prevent 
movement of the vehicle. 



[0040] FIG. 2 illustrates the operation of the electric motor con- 
troller 24 in more detail and with respect to an optional 
synchronously rotating d-q reference frame motor torque 
and flux control methodology. The d-q reference frame 
methodology generally relates to a simplified approach for 
controlling the electric motor 28. Rather than controlling 
the electric motor 28 according to the flux and torque 
commands shown in Fig. 1, the electric motor controller 
shown in Fig. 2 controls the electric motor 28 according 
to the d-q reference frame methodology. 

[0041] jhe d-q methodology utilizes a quadrature-axis current 
value (Iq) and a direct-axis current value (Id). The Iq and 
Id values are controlled by the voltage provided to the 
electric motor 28. By controlling the voltage provided to 
the electric motor 28, the torque and flux produced by the 
electric motor are controlled. 

[0042] jhe electric motor controller 24 includes an inverter 46, a 
switching modulator 48, a current regulator 50, and a 
command generator 54. In addition, the electronic motor 
controller includes inputs for receiving a signal from the 
contactor sensor 36, a measured Iq value, and a measured 
Id value. 

[0043] jhe switching modulator 48, current regulator 50, and 



command generator 54 are functional aspects of the soft- 
ware programs 40 and are used to control the inverter 46. 
The software program 40 is maintained on a computer- 
readable portion of the electric motor control and com- 
prises a number of computer-executable instructions. A 
microprocessor can be included to execute the software 
program. 

[0044] The command generator 54 calculates the Iq and Id values 
such that the stored capacitor energy is transferred from 
the capacitor 20 to the inverter 46 and the electric motor 
28. The inverter 46 and the electric motor 28 dissipate the 
received energy. In this manner, current is drawn from the 
capacitor 20 and the capacitor 20 is discharged. 

[0045] Current is drawn from the capacitor 20 for all Iq and Id 

values which produce positive power flow from the capac- 
itor 20 to the inverter 46 and preferably on through to the 
electric motor 28. However, the combination of Iq and Id 
values must be selected in light of their effect on motor 
torque and motor flux. 

[0046] The Iq and Id values are calculated based up the charac- 
teristics of the electric motor. To demonstrate for exem- 
plary purposes the manner in which the Iq and Id values 
can be calculated, the following equation, which corre- 



sponds with an interior permanent magnet synchronous 
motor, is provided. 

[0047] T = (3/2)*p*Iq*[phi+(Ld-Lq)*Id]. (1) 

[0048] wherein: 
[0049] t = torque; 

[0050] p _ number of stator pole-pairs; 

[0051] phi = Flux-linkages (weber-turns) due to the permanent 
magnets; 

[0052] Ld=Self-inductance of the stator along d-axis; 

[0053] |_q=Self-inductance of the stator along q-axis; 

[0054] id = Motor stator current along d-axis; and 

[0055] |q = Motor stator current along q-axis. 

[0056] Typically, the Iq and Id values used to discharge the 
stored capacitor energy are calculated such that the 
torque produced by the motor 28 is insufficient to move 
the load 32 connected to the motor 28. For example, if 
the load is a vehicle driven by the motor 28, then Iq and Id 
values would be calculated which correspond with a suffi- 
ciently low torque value so that the torque is unable to 
move the vehicle. 



[0057] initially, the Iq and Id values are received by the current 
regulator 50. The current regulator 50 is a feedback sys- 
tem which receives the measured Iq and Id values. The 
calculated Iq and Id values represent target values, 
whereas the measured Iq and Id values represent real val- 
ues. The comparison is done so that modifications can be 
made to the voltage provided to the electric motor 28 if 
the measured Iq and Id values are not matching the calcu- 
lated Iq and Id values. 

[0058] Based on the comparison of Iq and Id values the current 
regulator 50 outputs a quadrature-axis voltage (Vq) and a 
direct-axis voltage (Vd). The Vq and Vd values are re- 
ceived by the switching modulator 48 for use in control- 
ling the inverter. 

[0059] The switching modulator 48 outputs a number of switch- 
ing signals based on the Vq and Vd values. The switching 
signals then control the inverter 46 and the inverter"s DC 
to AC voltage conversion. 

[0060] The software program 40 manipulates the Iq and Id values 
as needed to control the torque and flux values and the Iq 
and Id values in turn determine the voltage provided to 
the electric motor. The manner in which the voltage is 
provided to the electric motor 28 controls the amount of 



energy dissipated from the capacitor 20. 
[0061] The present invention discharges the capacitor 20 through 
the electric motor 28 without the need for additional sys- 
tem components. This leads to system cost savings. 
Moreover, control logic can be provided for the system 10 
which is applicable to different variations of the system 
10. This reduces the costs to reconfigure hardware sys- 
tems. 

[0062] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



